small spatial distance between elements) can cause development of bone elements to be coordinated. Second, skull components can be influenced by common functional stimuli, which also may coordinate development in elements that do not have the same origin or that are distant from each other on the organism (Zelditch and Carmichael, 1989). Because organisms are not collections of autonomous parts, any factor influencing changes in shape in a localized region may have a widespread effect on the biological structure. Sometimes, global rearrangements are necessary for the structure to support a small localized change (Monteiro et al., 1997). This interdependence of components can be a large constraint in morphological evolution, and in some cases, parts of a biological structure cannot evolve independently (Zelditch, 1996) . Thompson (1917) considered all shape changes observed in nature to occur globally on organisms. This view of complete integration between parts was challenged by Olson and Miller (1958) , who noted that integration could be observed at different levels in a single organism, just by the study of correlations between sizes of the different parts. Use of correlation to study integration has been common in the second half of this century on both exploratory (Cheverud, 1982; Gould, 1967 ; Gould and Garwood, 1969; Monteiro, 1997) and confirmatory studies (Zelditch, 1987 (Zelditch, , 1988 Zelditch and Carmichael, 1989) .
Although correlation-based statistics have been useful for biological studies, they fail to capture geometric aspects of biological shape. Because of this limitation on the multivariate study of distance measures, a different approach has been sought, and the mathematical and statistical development of Thompson's (1917) method of coordinate deformation was the major challenge for quantitative biologists until the advancement of morphometrics to include geometric information in the 1980's (Bookstein, 1996a). The thin-plate splines function (Bookstein, 1989), previously used only in computer graphics, allowed morphometricians to produce Thompson-style deformation grids, based on a statistically treatable technique.
Studies of integration using geometric morphometrics have shown that organisms indeed are not so integrated as Thompson (1917) expected, but that it is possible to separate components of shape change that both incorporate complete integration and show changes in localizable regions of a complex structure (Monteiro and Abe, 1997; Swiderski, 1993; Zelditch et al., 1992; Zelditch and Fink, 1995) . To the present time, all attempts to use geometric morphometrics in studies of integration lack an appropriate statistical design to assess the relative importance of total integration and the several levels of integration that can be observed in a biological structure.
Because techniques of geometric morphometrics are very new, studies applying these new methods have not always conducted terminal analyses properly (Bookstein, 1996b). From terminal analyses, we understand the large array of multivariate techniques that can be used to study variation in shape variables obtained by preliminary analyses (partial warps and uniform components- Marcus and Corti, 1996) . A general approach to morphological integration in geometric morphometrics is highly desirable at this point.
The punard (Thrichomys apereoides) is a medium-sized South American rodent, usually associated with rocky and dryland (Emmons, 1990; Roberts et al., 1988 Eighteen landmarks in ventral view were selected for study (Fig. 1 ). Those were chosen in a way to uniformly sample skull shape in all age categories. The anatomical descriptions are as follows: 1-anterior extremity of the suture between nasals; 2-anteriormost point on palatine fossa; 3-posteriormost point of palatine fossa; 4-posteriormost point of suture between horizontal blades of palatine bone; 5-anteriormost point of foramen magnum; 6-posteriormost point of foramen magnum; 7-lateral extremity of incisive alveolus; 8-suture between premaxilla and maxilla on the edge of palatine fossa; 9-suture between premaxilla and maxilla on the outline of the skull (on the photographic plane); 10--anteriormost point of occlusal face of P4; 1 1-anteriormost point of the orbital fossa; 12-limit between M1 and M2; 13-point where the suture between the zygomatic process of the frontal bone and jugal touch the edge of the orbital fossa (on the photographic plane); 14-lateral extremity of foramen ovale; 15-tip of posterior process of jugal; 16-point where the suture between basisphenoid and basioccipital contacts the tympanic bulla; 17-intersection between skull outline and external ear opening; 18-medium point between jugular process and lateral portion of occipital condyle.
All specimens were photographed in ventral view, always keeping the occlusal surface of molars parallel to the photographic plane. Error due to the flattening of a tridimensional structure was assumed to be similar for the whole sample and, therefore, did not affect the observed developmental shape change in ventral perspective. A 10-mm scale bar was placed beside skulls for image calibration. Photographs were digitized on a desk scanner Hewlett-Packard? Scanjet IICX. Landmark coordinates were obtained using the Windig 2.0 program (Lovy, 1995) .
Geometric size of skulls was calculated as the square root of summed-squared distances from all landmarks to the configuration centroid. That was the centroid size shown by Bookstein (1991) to be the only general size estimate not correlated with shape variables in the absence of allometry. A mean configuration of the sample was calculated by a generalized least-squares superimposition. This procedure scaled, translated and rotated specimens to minimize summedsquared distances between corresponding landmarks. Summed-squared distances between corresponding landmarks in two specimens after a least-squares superimposition was a morphometric distance called Procrustes distance (Rohlf and Slice, 1990). The mean configuration obtained by the generalized least-squares procedure was used to estimate uniform components and partial warps (non-uniform components of shape).
Ontogenetic changes in shape were studied by the use of the thin-plate spline (Bookstein, 1989 (Bookstein, , 1991 . That method used properties of thin metal plates to study localized differences in shape between specimens. The physical metaphor for this function may be visualized as a thin metal plate of infinite proportions where landmarks of a configuration are tacked. Therefore, any modification on the configuration is possible only by deformation of the plate. Shape changes involving landmarks in a small region (close to each other) need more energy for bending the plate than those changes at large scale (involving landmarks far away from each other-Bookstein, 1991).
The geometry of the reference configuration (distances between the landmarks) determined a bending energy matrix that was used to calculate non-linear terms of the thin-plate spline function. The eigendecomposition of the bending energy matrix yielded eigenvectors that are called principal warps, which form a canonical basis of vectors for the description of localized shape changes, and associated eigenvalues, whose values correspond to the amount of energy needed by the respective principal warp for a given shape change. Principal warps have no biological meaning; they are based only on the geometry of the reference configuration. Observed localized shape changes for a given transformation are shown by the projection of least-squares residuals on principal warps, resulting on partial warp scores or weights that state how much of each principal warp is needed to transform the reference configuration in a target configuration (Rohlf, 1996). The partial warps form a space of localized shape variation that is tangent to a non-Euclidean shape space in the vicinity of the reference configuration, which in our case was the mean form, as recommended by Bookstein (1996b). The multidimensional space of partial warps should be studied only by multivariate techniques because of the complex nature of shape changes in morphometric space. Scores (or weights) may be used in any linear statistical analysis for they have been shown to yield correct rates of type I errors (Rohlf, 1995).
Uniform components form a complement to the localized shape changes depicted in the partial warps. Every shape change is a mixture of localized and global effects that only can be decomposed by geometric-morphometric techniques. Global shape changes are those that take circles into ellipses and leave parallel lines parallel (Bookstein, 1991). Uniform components represent total spatial integration of the biological structure. Assessment of its relative importance to the observed changes in shape is very important for the estimation of total integration present on the organism. Several methods are available for the estimation of uniform components. We used the linearized Procrustes technique proposed by Bookstein (1996c). In this model, the first uniform component is responsible for a shearing of the entire structure (taking squares into parallelograms), and the second uniform component is responsible for dilations and compressions along the Y-axis. The two uni- -X) , where the mean score value was 0. The estimated partial warp scores Wi were used to obtain predicted landmark configurations for a given value of the independent variable (Rohlf, 1997a). The statistical significance of the regression models was assessed by the F-test of Goodall (1991) . This is done by calculating the summed Procrustes distances between each predicted specimen to the sample mean configuration and the summed Procrustes distance between each observed specimen and the predicted configuration for the same value of the independent variable. The F-value is given by Sdkix,/q F dxi/n -q-1' and must be compared to a distribution of F under qm and (n -q -1)m degrees of freedom, where n is the sample size, p is the number of landmarks, q is the number of independent variables, and m is the space dimensionality-(2p -6) if W contains only partial warps and (2p -4) if the uniform components are added to the matrix. The numerator on the above equation corresponds to the amount of variance explained by the independent variable and the denominator corresponds to the unexplained or residual variance. The difference of fit between models was used to compare the two independent variables (age and size) on their ability to predict skull shape. For that purpose, the sum of Procrustes distances between each predicted specimen and the mean configuration was calculated. That quantity is analogous to the explained variance on regression models. Mean squares were calculated by division of the explained sum of squares by the appropriate degrees of freedom, and the significance of the difference between explained variances on the different models was assessed by the F-ratio dZ dixJ/(2p -4) X (n -1) i F 2 di dA2/(2p -4) X (n2 -1) where for any two models being compared, the numerator corresponded to the model with larger explained variance and the denominator corresponds to the model with smaller explained variance. The difference between explained variance on the centroid size models with and without uniform components was used to assess the importance of uniform components (total spatial integration) for the ontogenetic shape change.
The same test was used to assess sexual dimorphism on the sample. The independent variable used was a dummy variable classifying sexes by values of 1 and -1. The derived F-ratio was equivalent to a ratio of between-group variance over pooled within-group variance. That model was further extended to a multivariate analysis of covariance (MANCOVA) using size as a covariate to test for sexual dimorphism on the ontogenetic trajectories (Rohlf, 1997a).
A relative warps analysis was performed to assess localized changes in shape during ontogeny. Relative warps analysis is a principal components analysis of partial warp scores. Because The localized changes in shape (Fig. 2) showed that variation in shape during ontogeny was depicted as: anterior displacement of landmarks on the rostral extremity and posterior displacement of landmarks on the palatine fossa, causing elongation of rostrum; landmark 9 (Fig. 1) was caused by elongation of the palate, whereas landmark 12 was displaced anteriorly, indicating a highly negative allometric growth of the teeth; landmark 13 was displaced laterally and landmark 15 on the posterior extremity of the zygomatic arch was influenced by the allometric negative growth of the basicranium. That latter region did not seem to change its shape, but decreased in relative size, indicating a high degree of integration of its composing elements. In the relative warps analyses, only the first major axes in all analyses (with different a) was correlated with size and age categories. Some slight differences were found on the ordination of relative warps with different aL-values, but the picture of skull deformation was the same as the non-linear part of regression results. The percentage of total variation explained by the first relative warp with a = 1 was 59.8%; for Ca = -1, it was 37.1%; and for at = 0, it was 41.4%. Although most sample variation was explained by relative warps with at = 1 (greater weights to large scale deformations), most size-based shape variation in the sample was explained by the first relative warp with CL = 0 (unexplained variance 0.14%, Fig. 3) . That was probably because there were deformations in both small and large scales that contributed to ontogenetic shape variation (e.g., relative reduction of teeth and relative decrease of braincase size, respectively).
Shape and size variation along the eight age categories showed that the most pronounced changes in shape occurred between age categories 1 and 2 (Fig. 4) , at the outset of postnatal ontogeny. Changes in shape described above followed the same trend through all ages, decreasing in intensity of shape transformation (probably caused by the decrease in growth rates).
DIscussION
Although sexual dimorphism in quantitative characters of the skull previously was reported for this sample of Thrichomys Although ontogenetic changes in shape in the skull of T. apereoides have important transformations on both small and large scales, most changes are associated with large scale and global (uniform) transformations. We interpret these results as evidence of a highly integrated skull ontogeny. Localized deformations indicate the presence of two large skull components: the orofacial region and the basicranium. The orofacial region is subject to different epigenetic stimuli than the basicranium and also is formed by a different type of bone development (membrane versus endochondral bones). The strongest epigenetic stimulus in the basicranium is the growth of brain (Herring, 1993) , which is relatively slow during postnatal ontogeny. That probably causes the integrated allometric negative growth of braincase. The orofacial region is subject to more diverse functional stimuli during ontogeny, so it is not so integrated as the basicranium. Such a division in large regions of the skull was not found by Zelditch et al. (1992) for the cotton rat, Sigmodon fulviventer.
The orofacial region can be subdivided into two sub-regions: the rostral extremity and the midface. The rostral extremity elongates and the midface widens during ontogeny. Most observed changes in the midface are due to growth of the palate and absence of growth in teeth. This causes landmark 12 (Fig. 1) to be displaced anteriorly and landmark 4 to be displaced posteriorly on the grid diagrams. As a result, the toothrow occupies the same relative space in the palate in young specimens and in old ones.
There was a clear correspondence between shape variation and size increase with the age categories (Fig. 4) . Although age categories do not correspond to actual chronological ages of specimens (because the time lapse between categories is not necessarily constant over development), they are good enough to assess the chronology of shape change. It is obvious from the figures that shape changes are correlated with age only when there is size increase. If the transition from one age category to another does not imply an increment in size, there also is no variation in shape, as seen in older age categories (Fig. 4) .
Trends of change in shape observed on the initial phases of postnatal ontogeny are maintained throughout development, diminishing in intensity of change as the specimens get older. This stability of pattern was not found in the study of Zelditch et al. (1992) probably because the partial warps were examined separately. These authors found many inversions and changes of direction on the ontogenetic trajectories on the different partial warps. That probably is due to the fact that the tangent shape space of partial warps cannot be studied by pro- The multivariate regression models are very useful for the description of changes in shape associated with independent variables, because they decompose the variance (estimated as a multivariate morphometric distance) into explained and unexplained components. These portions of the total variance in shape allow insight into causes of changes in shape and an estimate of the relative importance of total spatial integration in shape, expressed as the uniform components. The possibilities of the use of Procrustes distances in general linear models are infinite and reduce variation in multivariate shape spaces to single estimates of variance that can be adapted to most linear statistical analyses. 
